The effectiveness of the electronic parameter on the predicting the mechanical properties of Zn system alloys for high temperature applications was evaluated in order to satisfy both the tensile strength of 200 MPa and elongation of 5%. The electronic parameter was used s-orbital energy level (ΔMk) in this study. Promising composition of alloys were Zn-4Al-7Sn, Zn-10Al-0.5Sn, Zn-10Al-2Sn and Zn-5.1Al-0.5Sn in mass%, and their ΔMk values were 0.079, 0.080, 0.089 and 0.045, respectively. The experimental results of tensile test for designed alloys showed that the tensile strength of 195-225 MPa depend on the increment of ΔMk values, and elongation are 4.5-5.1%. Optimization of composition on Zn system alloys was found to be speedy and precisely achieved using the ΔMk parameter. The wetting contact angles between Cu plate and the designed alloys of Zn-4Al-7Sn, Zn-10Al-0.5Sn, Zn-10Al-2Sn and Zn-5.1Al-0.5Sn at 973 K in the Ar stream are 33.8 , 43.3 , 50.1 and 44.3 , respectively, suggesting that the designed alloys can be practically applied at high temperature. Moreover, the thermal conductivity, tensile test of designed alloys at high temperature were also evaluated. [
Introduction
In late years it was promoted lead-free with RoHS (EU Directive on the Restriction of the use of certain Hazardous Substances in electrical and electronic equipment) order and the ELV (End of Life Vehicles) threshold of EU as the beginning becoming it 1) . Therefore the development of lead-free solder alloys were carried out actively. However, the development of lead-free solder alloys for high temperature applications does not yet advanced [2] [3] [4] . A lot of research groups paid attention to the Sn, Zn and Bi system alloys as a candidate of a lead-free alloys for high temperature solders from the viewpoint of heat, electricity, melting point properties 5, 6) . However, the technique to decide the promising composition of the Zn system alloys for high temperature solders effectively is not yet established. So far, the try and error method was used to optimize the alloys composition, it requires a lot of labor and time. Discrete Variational (DV)-Xα cluster method [7] [8] [9] was used to optimize the composition of Zn system alloys in this study. Firstly the electronic parameter was calculated by the DV-Xα cluster method. Then the relations between the electronic parameter and the mechanical properties of the reported Zn system alloys was clari ed in this study. Finally, the compositions of Zn system were chose using above relation, and were molted to perform the characteristic evaluation.
Optimization of Composition of Alloys

Electronic parameter of Alloys
The DV-Xα cluster method is a molecular-orbital method in which a local exchange-correlation potential is given by the Slater s Xα potential 7) . A cluster model used in the present calculation is shown in Fig. 1 8) . Here, M atoms are Zn metal, and X atoms are the added metals. In the case of Zn system alloys, the s-orbital level was called Mk level which has greater contribution to combination. When changing the alloy elements M, the Mk level value was shown in the Table 1 8) . Using these Mk level, ΔMk level of the alloys as the compo-* Corresponding author, E-mail: matsugi@hiroshima-u.ac.jp 
Here, Xi is the molar fraction of alloy element i, Mki is the Mk level value of alloy element i and MkZn is the Mk level of mother metal Zn.
An alloys designed and designed targets
The relations of tensile properties of eight kinds of existing Zn system multidimensional alloys (Zn-(4 16 mass%)Al-(0.02 0.05 mass%)Mg-(0 13.5 mass%)Cu) 8) and ΔMk is shown in Fig. 2 as a white mark. The ultimate tensile strength (UTS) were increased with increaseΔMk until 0.16, and reached maximum. On the other hand, when ΔMk is less than 0.16, the elongation is large than 5%. In addition, the UTS of pure Zn 10) can be plot in the extended dot line of UTS. It conrmed that the ΔMk using s-orbital with spherical symmetry can be predict the mechanical properties of Zn system alloys. In this study, the targeted values of designed Zn system alloys for power electronics application de ned that UTS are large than 200 MPa and elongation are large than 5% at the room temperature. The composition of Zn system alloys can be approach by adjusting of values of ΔMk in the range of 0.07 0.16. In this study, Zn-Al-Sn system alloys are selected because Al as the ubiquitous element can be adjust the melting point, and Sn can be adjust melting point and improvement of casting performance. The four kind of designed alloys are Zn-4Al-7Sn, Zn-10Al-0.5Sn and Zn-10Al-2Sn in mass%, and their ΔMk values are 0.079, 0.080 and 0.089 respectively. Moreover, Zn-5.1Al-0.5Sn alloy is also designed in order to con rm the relation between the tensile properties and ΔMk. The melting point of alloys as the liquidus temperature of 640-700 K degree as the target of development are set. In addition, the wettability of a solder alloys is critical property that used to evaluate the bonding quality between solder and substrate. Generally, in the process of soldering, solder alloy which has smaller contact angle on the substrate also provide much more dependable interconnection. Therefore, the initial target values of wetting contact angle between Zn system alloys and Cu plate without ux are less than 90 .
Experiment Procedure
Materials and processing
The granular Zn (99.99% of purity) of the 6-8 mm diameter, the stick Al (99.7% of purity), the granular Sn (99.9% of purity) of the approximately 1 mm diameter were put into the graphite crucible (0.86 liters in capacity), and is heated until it melted enough in the atmosphere. After alloying, the molten metal is mixed by using a ceramic stick at 850 K, and its holds 1.8 ks.
Characterization
The tensile samples from the ingot were fabricated. The tensile strength of the samples was measured at room temperature and 423 K by using a tensile testing machine with the initial distorted speed of 3.4 × 10 −4 s −1 . The microstructures and constituent phase of samples were observed by the scanning electron probe micro-analyzer (EPMA; JEOL JXA-8200, Japan). The phase analysis in samples were investigated by X-ray powder diffraction method (XRD) (MAC M03 XHF).
The dropping test of molten experiment alloys on the Cu board at 973 K were performed in Ar stream. The contact angles between Cu plate and the molten alloys was calculated from this results. In addition, the volume of the experiment alloys is 110 mm 3 . The thermal conductivities (T C ) of the samples were measured by the laser ash thermal constants measuring apparatus (TC-700, ULVAC-RIKO Inc., Japan.) at room temperature. The sample with size of ϕ10 × 2 mm 3 was placed in a chamber, the front of the sample was heated by a laser beam and the temperature on the rear was recorded by the thermocouple recorder. Charpy impact test of the sample was also carried out at the room temperature. The size of test sample is 55 mm × 10 mm × 8 mm. The capacity of Charpy impact machine and depth of U-notch are 49 N and 2 mm.
Results and Discussion
Mechanical properties
The stress-strain curves of three kinds of designed alloys showed in Fig. 3 . The ultimate tensile strength of Zn-4Al-7Sn (ΔMk:0.079), Zn-10Al-0.5Sn (ΔMk:0.080) and Zn-10Al-2Sn (ΔMk:0.089) are 195, 219 and 225 MPa, respectively. On the other hand, the elongation showed 4.5-5.1%. These values 
Fig. 3 Stress-strain curves obtained from tension tests on designed alloys of
Zn-4Al-7Sn 11) , Zn-10Al-0.5Sn 11) and Zn-10Al-2Sn.
are almost reached the tensile strength and elongation values of the target for the designed alloys. In addition, when these experimental results plotted in Fig. 2 , the tensile strength is increased with increase of ΔMk along the estimated line of strength. The usefulness of this alloys designed technique by using ΔMk was also con rmed. Moreover, the Young modulus of Zn-4Al-7Sn, Zn-10Al-0.5Sn and Zn-10Al-2Sn are 55, 80 and 75 GPa, respectively. On the other hand, the high temperature tension test and Charpy impact test of room temperature of Zn-10Al-2Sn alloy with highest tensile strength were also carried out. Figure 4 shows the stress-strain curves of Zn-10Al-2Sn alloy obtain from tension test at 423 K. The ultimate tensile strength and elongation of Zn-10Al-2Sn alloy are 114. MPa and 9.8%. This con rmed that the designed alloy has also excellent mechanical properties at the high temperature. Figure 5 shows an impact load-displacement curve and the fractography of Zn-10Al-2Sn alloy after Charpy impact test. The value of Charpy impact is 79.7 kJ/m 2 . Moreover, the crack initiation energy and crack propagation are 1.8 and 3.1 J. The crack initiation area and crack propagation area was showed in the Fig. 5 (b) . The crack initiation area showed the brittle fracture surface. On the other hand, the crack propagation area showed ductility fracture surface and a little of brittle fracture surface. Figures 6 and 7 shows compositional images and XRD pro le of Zn-4Al-07Sn, Zn-10Al-0.5Sn, Zn-10Al-2Sn and Zn-5.1Al-0.5Sn alloys. The designed alloys were comprised of Zn solid solution, Al solid solution and Sn solid solution in the room temperature as shown in Fig. 7 . Simultaneously, the particular constituent phases of designed alloys obtained from point analysis of EPMA are also shown in Fig. 6 . In Fig. 4 Stress-strain curves of Zn-10Al-2Sn alloy obtained from tension tests at 423 K. addition, the liquidus temperatures of designed alloys of Zn-4Al-07Sn, Zn-10Al-0.5Sn and Zn-10Al-2Sn were reported in our previous study 12, 13) . Three kinds of designed alloys satised liquidus temperature 640-700 K as the development targeted value.
Microstructure and constituent phase
Wettability
The wettability of a lead-free solder alloys is important property that used to evaluate the bonding behavior between alloys and substrate. Figure 8 showed the pictures of molten designed alloys on the Cu plate at 973 K in Ar stream. The wetting contact angles of Zn-4Al-07Sn, Zn-10Al-0.5Sn, Zn-10Al-2Sn and Zn-5.1Al-0.5Sn showed 33.8 , 43.3 , 50.1 and 44.3 , respectively. These values satis ed initial target values of wetting contact angle, which are less than 90 . Figure 9 showed the speci c heat of four kind of designed alloys and Pb-5Sn alloy depend on the temperature. As shown in Fig. 9 , the speci c heat of four kind of designed alloys are large than that of Pb-5Sn alloy. Therefore, when soldering on the Cu plate, the heterogeneity of the temperature must be restrained. Figure 10 showed the thermal conductivities of four kind of designed alloys and Pb-5Sn alloy depend on the temperature. As shown in Fig. 10 , the thermal conductivities of four kind of designed alloys are large than that of Pb-5Sn alloy. This suggested that the soldering using the designed alloys similar to Pb system alloys is possible. In addition, the heat cycle test of designed alloys is necessary in order to the real application of these alloys.
Speci c heat and thermal conductivity
Conclusion
In order to optimize quickly and accurately the component of Zn system alloys, we examined the effectiveness of the electronic parameters on the predicting the mechanical properties of Zn system alloys for high temperature applications. Promising composition of Zn system alloys are Zn-4Al-7Sn, Zn-10Al-0.5Sn, Zn-10Al-2Sn and Zn-5.1Al-0.5Sn, and their ΔMk values are 079, 0.080, 0.089 and 0.045, respectively. As a result of having been provided, it is as follows.
(1) The tensile strength of Zn-4Al-7Sn(ΔMk:0.079), Zn-10Al-0.5Sn (ΔMk: 0.080) and Zn-10Al-2Sn(ΔMk:0.089) are 195, 219 and 225 MPa respectively. On the other hand, the break elongation is 4.5-5.1%. These values are almost reached the tensile strength and break elongation values of the designed target. In addition, it was con rmed that the design of the Zn system alloys was possible by using ΔMk parameter.
(2) The designed alloys were composed of Zn solid solution, Al solid solution and Sn solid solution in room tempera-ture.
(3) The contact angles between Cu plate and the proposed alloys Zn-4Al-7Sn, Zn-10Al-0.5Sn, Zn-10Al-2Sn and Zn-5.1Al-0.5Sn at 973 K in the Ar stream are 33.8 , 43.3 , 50.1 and 44.3 , respectively.
